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Background. In severe human heart failure, an increase in frequency of stimulation is accompanied by a reduced force of contraction in vivo and in vitro. The present study was aimed to investigate whether inotropic stimulation influences the inverse force-frequency relationship in failing human myocardium.
Methods and Results. The effects of the cAMP-independent positive inotropic agents ouabain (0.01 ,imol/L) and BDF 9148 (0.1 ,umol/L) as well as the 3-adrenoceptor agonist isoprenaline (0.01 ,umol/L and 0.1 ,umol/L) on the force-frequency relationship in electrically driven papillary muscle strips from nonfailing (brain death, n=5) and terminally failing (NYHA class IV, heart transplants, dilated cardiomyopathy, n=22) human myocardium were studied. For comparison, we examined the effect of elevation of the extracellular Ca2' concentration (3.2 mmol/L and 6.2 mmol/L). In nonfailing myocardium, force of contraction, peak rate of tension rise, and peak rate of tension decay increased, whereas time to peak tension and time to half relaxation decreased following an increase of stimulation frequency.
In NYHA class IV, force of contraction gradually declined followed by changes of other parameters of isometric contraction. Moderate stimulation of contractility by isoprenaline (0.01 ,umol/L) partly reversed the negative force-frequency relationship in NYHA class IV and preserved the positive force-frequency relationship in nonfailing myocardium. The addition of ouabain and BDF 9148 together restored completely the force-frequency relationship in NYHA class IV. In contrast, high concentrations of isoprenaline (0.1 ,umol/L) and an elevation of the extracellular Ca2' concentration enhanced the decline in force of contraction in the presence of higher stimulation frequencies.
Conclusions. It is concluded that functionally important changes occur in the intracellular Ca2' handling, leading to the negative force-frequency relationship in terminally failing human myocardium. Interestingly, the negative force-frequency relationship can be restored by agents producing positive inotropic effects by elevation of the intracellular Na+ concentration. These findings suggest that hitherto unknown changes in the intracellular ionic homeostasis occur in the failing human heart. Even though increasing [Ca2"J1 in failing heart cells may be detrimental, increasing [Na+] , may be beneficial through a mechanism independent of an increase in [Ca2+J1. (Circulation. 1993; 88[part 11:2267 -2276 KEY WORDs * myocardium * heart failure * force-frequency relationship * ouabain Several investigators demonstrated an altered force-frequency relationship in failing human thlmyocardium. '-7 In these studies, force of contraction increased in nonfailing myocardium but not in diseased human myocardial tissue following an increase of stimulation frequency. Similar findings have been reported in vivo.8 Rapid atrial pacing in patients with heart failure due to dilated cardiomyopathy produced no change in peak rate of left ventricular pressure rise (dp/dtmax), whereas in control subjects dp/dtma, in- stabilization, the force-frequency relationship was studied, starting with a rate of 0.5 Hz. The duration of stimulation for a given frequency was constant (5 minutes) until complete stabilization of force development. The force-frequency-dependent effects were determined, that is, force of contraction (FOC), peak rate of tension rise (+T), peak rate of tension decay (-T), time to peak tension (TPT), and time to half-relaxation (T1/2T). Control strips showed no change in baseline isometric tension during the period of time necessary to complete pharmacologic testing. Inotropic interventions were performed at 1 Hz. Compounds were added as described previously.19 Afterward, the force-frequency relation was studied in the same way as under basal conditions. Each pharmacologic intervention was studied using a separate papillary muscle strip. At the end of the experiments, maximal force development was studied using CaCl2 (15 mmol/ L). There was no difference in force generation between groups. Moreover, in preparations from each group at the end of the experiments, the carbogen was changed to 80% 02-5% C02-15% N221 at the stimulation rate, where force development was maximal. Muscle strips showing a decline more than 10% during 30 minutes were excluded.
Materials
BDF 9148 (4-(3-(1-diphenylmethyl-azetidin-3-oxy)-2-hydroxy-propoxy)-1 H-indol-2-carbonitril) was kindly provided from Beiersdorf AG (Hamburg, FRG). Ouabain was obtained from Boehringer (Mannheim, FRG) and isoprenaline from Sigma Chemical Co (Deisenhofen, FRG). All other chemicals were of analytic grade or the best grade commercially available. For studies with isolated cardiac preparations, stock solutions were prepared and applied to the organ bath. BDF 9148 was dissolved in 50% DMSO. The final concentration of DMSO in the bathing solution never exceeded 0.05%. All other compounds were dissolved in twice-distilled water. Applied agents did not change the pH of the medium.
Statistical Analysis
Differences in the shape of the force-frequency relation in failing and nonfailing human tissue were analyzed between the following groups: group A: failing myocardium, basal condition; group B: failing myocardium, BDF (Tables 3 and 4 ). There was an increase of +T and -T in nonfailing myocardium but not in tissue from patients with heart failure (Tables 3 and 4 ouabain, there was no statistically significant difference in the force-frequency relationship between nonfailing and failing myocardium (Fig 7) . 
Effect of cAMP-Dependent Inotropic Stimulation
The positive force-frequency relationship has been suggested to be due to changes in Ca21 content of the that in failing heart muscle the availability of the intracellular Na' is altered. This is supported by the finding that increasing intracellular Na+ by BDF 9148 and ouabain restores this dysfunction in the failing heart.
Effect of Ca 2+
Elevation of extracellular Ca 2+ was accompanied by a more negative force-frequency relationship in failing human myocardial tissue. In simultaneous measurements with the Ca2+ indicator aequorin, the peak amplitude of the Ca21 transient and the resting intracellular Ca 2+ concentration increased in parallel with increasing stimulation frequencies.4 Therefore, the mechanical deterioration during a frequency increase is not due to a reduced availability of the cytosolic Ca2+ but rather a diminished Ca2' reuptake from the cytosol. Hence, pronounced elevation of intracellular Ca2+ will aggravate the negative force-frequency relationship. Following interventions that excessively increase intracellular Ca2 , such as high extracellular Ca2 , an increase in stimulation frequency in human muscle strip preparations causes an abbreviation of action potential duration (APD) accompanied by a decreased augmentation of tension. 4 In addition, at higher stimulation rates, the Ca2' sensitivity of myofilaments in myopathic 
Clinical Implications
As the frequency-dependent dysfunction of myopathic human myocytes does not appear to be caused by a decreased availability of [Ca2+1], inotropic compounds that produce directly a pronounced increase of Ca24 have been suggested to be of limited value.29 As diastole is primarily shortened during increased heart rates, a slow heart rate would provide sufficient time to refill the sarcoplasmic reticulum with Ca2' even when the sarcoplasmic reticulum Ca2+-ATPase shows a reduced uptake rate, thereby reducing diastolic Ca2+ load of the myocardial cell. Therefore, compounds that decrease heart rate -but with no or only minor effects on contractilitycould be beneficial. The sympathoinhibitory responses to digitalis glycosides in heart failure patients were studied by HUMAN Ferguson et al. 30 They observed a significant decrease in heart rate following administration of digitalis in patients with heart failure. As cardiac glycosides in clinically relevant concentrations exert negative chronotropy in addition to positive inotropic actions, the beneficial effects of cardiac glycosides could at least in part be due to their actions on the force-frequency relationship. However, the value of decreasing heart rate must be weighed. In patients with terminal heart failure, a 20% increase in force of contraction in parallel with lowered 02 consumption, ie, decreasing heart rate, may enhance cardiac output above critical levels. The present study demonstrates that increasing intracellular Ca 2 concentrations may have detrimental effects on inotropy. In addition, the intracellular sodium concentration in failing myocardium could be altered. 31 The gene expression of the Na+/Ca 2+ exchange in patients with heart failure was observed to be enhanced compared with nonfailing controls.32 In consequence, changes in intracellular Na' may be more effective in affecting myocardial force of contraction in failing than in nonfailing tissue. Moreover, indirect evidence for differences in intracellular Na+ handling in failing human myocardium was also raised.19 Therefore, the observed effects of agents increasing the intracellular Na' suggest a novel pathophysiological alteration of the Na' homeostasis in failing heart that is sensitive to pharmacologic interventions. Even though increasing 
